A two-dimensional coupled ice-ocean model has been formulated and applied to the wintertime Bering Sea marginal ice zone. The oceanic component is a multilevel model that incorporates second-moment closure for turbulent mixing in the water column. The ice cover is modeled as a viscous-plastic continuum. Melting at the ice-ocean interface is computed using well-known lawof-the-wall concepts in a turbulent boundary layer, with particular attention to the disparate momentum and scalar transfer resistance coefficients over rough walls. The thermodynamic and dynamical interactions between the ocean and the ice cover and the energy balances at the air-ice and air-sea interfaces are modeled according to the companion paper (Mellor and Kantha, this issue). The model incorporates barotropic tides, both diurnal and semidiurnal, for application to the Bering Shelf. Double-diffusive fluxes across the interface between the colder, fresher layer beneath the melting ice and the warmer, more saline water underneath are prescribed from laboratory data on double-diffusive convection. During winter, sea ice in the central Bering Sea is transported toward the shelf break by off-ice winds, where it encounters northward flowing warmer north Pacific waters and melts. It is this situation to which the two-dimensional model has been applied by neglecting all variations in the along-ice-edge direction. The water conditions downstream of the ice edge, the ice conditions upstream, and the wind stress are the primary inputs to the model. The model simulates transition from ice-covered to open ocean conditions and the associated ice edge front and the two-layer circulation underneath the ice cover. Sensitivity studies indicate that the density structure and the circulation beneath the ice and the position of the ice edge are rather sensitive to the parameters affecting the dynamics and the thermodynamics of the coupled ice-ocean system. Even small changes in the relevant parameters can cause a substantial retreat or advance of the ice edge, which may help explain why marginal ice zones are such dynamically active regions. The ice cover mediates the interaction between the atmosphere and the ocean in a MIZ, and therefore the influence of ice cover is rather crucial to the dynamics and thermodynamics of the coupled system as a whole. In this article, however, we will deal only with the coupled ice-ocean medium, wherein the atmospheric forcing is prescribed and unaffected by the changes in the ice-ocean system. 
ice resistance coefficients has been taken into account, starting with Mellor et al. [1986] , who formulated a onedimensional multilevel model of the ocean and coupled it to the ice thermodynamically. Ikeda [1986] also formulated a similar one-dimensional model, with a somewhat simpler second-moment closure, but he ignored the disparity in the momentum and scalar resistance coefficients. This approach has some drawbacks. For example, considering the heat and salt resistance coefficients under ice to be the same does not lead to constitutional supercooling during freezing conditions, a phenomenon that could be of considerable importance in the formation of frazil ice [Steele et al., 1989] .
A two-dimensional (in the vertical plane) version of the ice-ocean coupled model under development is applied in this study to simulate the central portion of the wintertime Bering Sea MIZ. During winter, sea ice in the Bering Sea is formed in the northern regions of the inner shelf and transported southward toward the shelf break by off-ice winds, where it encounters the generally northward flowing warmer north Pacific Ocean waters and melts. Following the analysis of Hendricks et al. [ 1985] , all variations in the along-ice-edge direction are neglected, so that a two-dimensional model simulating changes across the ice edge can be applied. This presumes that the along-ice-edge scales are much larger than the scales across the ice edge, a condition often approximated in a MIZ.
On the Bering Sea shelf the ice is generated in the northern regions mainly in polynyas near coastal regions during offshore wind conditions and transported toward the outer shelf by winds. It would take a fully three-dimensional model of the Bering Shelf to reproduce these ice generation aspects and the circulation on the shelf. However, our focus in this work is rather limited. We pose the following question:
Given a certain ice influx onto the outer shelf, how then does the ice edge position behave as a function of the various forcing parameters? Essentially, this is another way of inquiring into the influence of forcing parameters on the melting rate of ice. This question can be answered using a local two-dimensional model, and the need to use a threedimensional model to incorporate the complexities of ice generation and shelf circulation does not arise.
The primary model inputs are the water properties downstream (southward) of the ice edge, the ice properties upstream, and the wind velocity. The latter is assumed to be uniform over the MIZ, although the atmospheric boundary layer itself is known to undergo significant changes across a MIZ because of the differing roughness scales associated with the interior pack ice, rafted floes in the MIZ, and open water, as well as of the differing net heat exchange between the ocean and the atmosphere in these regions (see for example, Overland et al. [1983] , Reynolds [1984] , Bennett [1986] , and Kantha and Me#or [1989] ). To account for these changes, however, a coupled ice-ocean-atmosphere model is needed, and this is beyond the scope of this paper. Numerical simulation of the modifications undergone by the atmospheric boundary layer as it traverses the marginal ice zone is the subject of Kantha and Me#or [1989] . The results from coupling this two-dimensional boundary layer model with the ice-ocean model described in this paper will be the subject of a future paper.
The model simulates the transition from ice cover to open ocean and the associated ice edge front and two-layer circulation underneath the ice cover. The oceanic component is a multilevel model that solves the primitive equations of motion and incorporates, as well, a second-moment closure for vertical turbulent mixing in the water column. The latter parameterizes turbulent mixing under strong buoyancy fluxes at the sea surface, due to input of less saline water by melting ice and brine rejection during freezing. The associated heat and salt exchanges at the ice-ocean interface are computed using well-known law-of-the-wall concepts in a turbulent boundary layer over a rough surface. The disparity in resistance coefficients for momentum, heat, and salt in a turbulent flow over a rough surface in the momentum, heat, and salt flux formulations is an important aspect of the model. The model uses the Yaglom and Kadet [1974] formulation for heat and mass transfer over a rough wall instead of the Sheppard [1958] formulation used by Mellor et al. [ 1986] . Treatment of the thermodynamic interaction between the ice and the ocean also accounts for the energy balance at the air-sea interface as well as that at the air-ocean interface in the leads between ice floes.
The dynamical interaction between the ice and the ocean is accomplished through the solution of continuity equations for the areal fraction and mean thickness of ice and momentum equations that include the effect of the Coriolis force, the applied wind stress, the shear stress at the ice-ocean interface, and the internal ice stresses. The ice cover in the MIZ is modeled as a viscous-plastic continuum following Hibler [1979] and Lepparanta and Hibler [1985] . With our goal of development of a general ice-ocean coupled model in mind, the internal ice stress terms are retained in the formulation, although they are not always important in the MIZ, as, for example, during off-ice wind conditions.
The melting ice in a MIZ produces a two-layer stratification underneath, with cooler fresher water masses overlying saltier warmer masses, a condition conducive to doublediffusive exchange of heat and salt between the two layers [Huppert and Turner, 1981; Turner, 1985] . Such fluxes across the interface between the layers lead to enhanced mixing in both layers and could cause considerable transfer of heat from the lower to the upper layer. In fact, Hendricks et al. [1985] imply that double diffusion is an important component of heat balance in a MIZ. A better understanding of the importance of double-diffusive transfer to ice melting in a MIZ is also a g0al of this study. The primary goal of this study is to explore the causes of variability in a MIZ. In particular, we would like to examine, for example, the relative importance of tidal, wind-induced and double-diffusive mixing and the effect of heat loss through the leads on the rate of melting of ice. The strategy is to obtain a base case simulation of the central portion of the wintertime Bering Sea MIZ, using the observations of Hendricks et al. as a guide, and then to investigate the changes in the ice edge position and the circulation underneath that is brought on by changes in the various parameters governing the different processes that affect its variability.
The paper is organized as follows: Section 2 deals with the formulation of the ice dynamics component of the coupled ice-ocean model. The rest of the details of the coupled model can be found in the companion paper by MK. Section 3 deals with simulation of the wintertime Bering Sea MIZ and sensitivity studies that elaborate on the dependence of the ice edge position and the circulation underneath the ice on various model parameters. Section 4 contains concluding remarks.
MODEL FORMULATION
The coupled model consists of a primitive equation, multilevel, fully nonlinear ocean model that interacts with an ice model which is similar to the lowest resolution ice model of Semtner [1976] but which differs in the manner in which several processes are physically modeled. The details of the coupled model can be found in the paper by MK. Only some salient aspects and features specific to this study will be repeated here. The companion paper (MK) does not describe the constitutive equation for internal ice stresses, which will therefore be described here for completeness and future reference, even though the internal ice stresses are not important in the present application, which deals with off-ice winds in a MIZ. The ice is pretty much in free drift under these conditions. However, the compaction that takes place during on-ice winds in a MIZ would require inclusion of internal ice stresses.
The most important feature of the coupled model is the careful treatment of the turbulent exchange processes at the ice-ocean interface. Particular attention is given to the molecular sublayer embedded inside the roughness elements in the turbulent boundary layer underneath the ice. The turbulent mixing itself is parameterized by Mellor and Yamada's [1982] level 2 1/2 model. Since experimental evidence suggests that the size of the eddies that participate in the turbulence cascade process is limited by stable stratification, we impose an upper bound of 0.5 q/N on the turbulence length scale l, where q is the turbulence velocity and N is the ambient buoyancy frequency. 
The first term on the right-hand side of (3) denotes the pressure gradient due to sea surface slope [Hibler, Considerable empiricism is involved in modeling the internal stress terms. It is widely known that ice cover cannot be modeled correctly as a Newtonian viscous fluid and that ice can flow plastically and can stand compression well but not tension. However, the choice of the best rheology for the MIZ is not clear. Shen et al. [1987] indicate that while a plastic rheology might be a good approximation for a closely packed collection of large ice floes, interlocking with and grinding against one another, a situation extant in the interior Arctic Pack ice, for a MIZ, where a loose collection of relatively widely spaced small ice floes bump and grind against one another, the rheology might more appropriately be a non-Newtonian fluid rheology [Shen et al., 1987] . Such collisional rheology has been modeled by these authors in terms of a collection of uniformly sized circular disks. However, there are unresolved issues related to the transition between the two rheologies. Therefore for the time being we will adopt the conventional practice and follow Hibler [1979] in considering the ice to be a viscous-plastic isotropic continuum. The ice dynamics model will therefore be primarily applicable to relatively dense ice pack conditions. However, this is of little consequence to the current application because under off-ice winds of primary concern in this paper the ice concentration seldom becomes large enough for significant buildup of internal ice stresses. Ice stresses are included here primarily for completeness and The above formulation renders the ice a plastic medium for which the internal stresses become independent of the strain rates where the rates are large. However, when the strain rates are small, a Newtonian viscous behavior is retained. The yield curve is an ellipse in the principal stress space, almost wholly confined to the negative region, so that the ice strength is mainly compressive and very small in tension [see Hibler, 1979 
Hakkinen also chose a value for P* that is significantly smaller than Hibler's value and puts C = 15 instead of 20. Her formulation provides lesser resistance of ice to compression, no tensile strength, and no bulk viscosity. 
Equations ( Biharmonic diffusion is efficient in damping out high wave number numerical noise in the interior of a field, whereas a Laplacian diffusion appears to be essential for damping out oscillations in regions of strong gradients (such as an ice edge). In this work, which essentially deals with a marginal zone, we have put Ao• = 0 and used a value of Ao corresponding to a value of about 4 for the cell Reynolds Number R•.. This is not much different from the total effective diffusion employed by Hibler [1979] . It can be shown that this is the value needed to damp out oscillations behind a propagating front governed by an advectiondiffusion equation (see Rood [1987] for a comprehensive discussion of the advection-diffusion equation and its solution).
Coupling Between the Ice and the Ocean
The dynamical and thermodynamic coupling between the ice and the ocean is described in detail by MK. In this work, following Overland et al. [1983] There are also some minor departures from MK in this study. For simplicity, snow cover is ignored but snow albedo is used at the top of the ice cover. However, as by MK, the effective heat conductivity of ice is set to 1.5 times its usual value (G = 1.5) to account for the predominance of heat loss through thinner portions of the ensemble of ice thicknesses that are represented here by a single average thickness. The energy balances are explicitly computed at both the air-sea and air-ice interfaces (see Appendix A of MK). When the energy balance indicates an ice surface temperature above the freezing point (0øC), it is set equal to the freezing value, and the excess heat is used to melt ice at the top of the floe. This meltwater is immediately allowed to run off into the ocean, that is, the parameter hsw as defined by MK is set to zero.
Turbulent Mixing Beneath the Ice
The three major sources of turbulent mixing beneath melting ice in a MIZ are (1) the shear stress at the ocean surface due to the action of the wind and ice drift, (2) the shear stress at the bottom of the shelf due to mean motion, 
Numerical Details
We employ a finite difference formulation to solve the model equations presented above. The numerical grid is Arakawa C grid, where all quantities are at the center of the grid, with the exceptions of the u components of velocity of both water and ice, which are displaced half a grid interval to the west, and v components, displaced half a grid interval to the south. The bottom stresses are similarly staggered, whereas the stresses at the ocean surface are weighted means of ice-covered and ice-free quantities and therefore conveniently centered on the grid. The shear stresses, vertical velocity component, and turbulence quantities are staggered in the vertical with respect to velocity, temperature, and salinity.
The time differencing is two-step leapfrog. The ocean component is solved explicitly in the horizontal (but implicitly in the vertical) using mode splitting and a time split of about 20. The ice component is solved implicitly to avoid stringent penalties in time step implied by potentially large internal ice stresses. The solution-splitting tendency associated with the computational mode in a leapfrog scheme is suppressed by the use of a time filter.
The numerical grid is 45 x 22, with a horizontal resolution of 7.5 km, a resolution that is rather too coarse to resolve some interesting ice edge processes such as ice banding but adequate for the present purposes. The grid covers the outer shelf with depths varying from 150 to roughly 50 m, and the bottom topography corresponds to that along the section shown in Figure 1 , along which observations are available from the 1983 marginal ice zone experiment (MIZEX83).
The model is integrated from arbitrary homogeneous initial conditions until steady state conditions are reached. The ice edge features such as the sharp density front are therefore generated by the model and not prescribed a priori. An integration time of 80 days is sufficient for this purpose in most cases, this time being essentially the advection time scale for a fluid particle to traverse the model shelf. The same strategy is also used in sensitivity studies as well, although an alternative is to integrate from the steady state conditions of the basic case. It is therefore worth noting that in these sensitivity studies, for most processes, the adjustment time should be considerably less. The sensitivity of the ice edge position and the accompanying circulation became immediately apparent during this exercise. It was also discovered that when we used the value recommended by Yaglom and Kader [1974] for the constant b in (17), while the observed mean ice edge position could be obtained by a suitable combination of input parameters, the mixed layer under the ice cover would not cool down to the observed value of -1.7øC but stay consistently 0.2 ø to 0.3øC higher. Only when we lowered the value of b significantly did we get the observed cooling. We also discovered that tidal mixing was essential. Without it the mixed layer would be too shallow and the two-layer stratification would extend well onto the inner shelf, with the other parameters chosen so as to obtain the proper ice edge position. Also, double-diffusive convection turned out to be of lesser importance than tidal bottom stirring and other processes.
Horizontal diffusivities

The Basic Case
The following values were used to obtain the base case Figures 3-6 show the results. All the quantities displayed henceforth are daily averages at the end of the 80-day run. Note also that because the ice concentration stays well below 80%, the ice internal stresses are an insignificant factor in these simulations. 
Sensitivity Studies
We now turn to our primary goal, namely the understanding of the variability of the MIZ. We do this by studying the sensitivity of the ice edge to changes in the various forcing variables and model parameters. Table 1 provides a summary of these sensitivity studies along with the basic case.
The position of the ice edge is a sensitive indicator of the overall air-sea momentum and heat flux exchange across the MIZ. For a given influx of ice at the inner shelf, if the parameters are such that the ice melts more rapidly, the ice edge retreats toward the inner shelf; conversely if the melt rate is retarded, it advances toward the outer shelf. Once the warm water moves under the ice, it is separated from the ice by a strong pycnocline. However, the heat for melting the ice comes from both the layer immediately beneath the ice and the bottom layer beneath the pycnocline. Therefore strong turbulence in both layers underneath the ice transfers heat to the vicinity of ice and promotes melting. Conversely, weak mixing leads to slower ice melting. Also, the heat lost by the upper layer to the atmosphere through the leads reduces ice melting because the heat available for melting ice The parameter b is important to the ice-ocean exchange processes. Figure 9 shows the temperature structure for b = 3.14, the original Yaglom and Kader value. Although it would be possible to adjust other parameters to obtain the observed ice edge position, the temperature structure and the temperature on the inner shelf would not be quite realistic. Sensitivity studies indicate that choosing cI)a• to be 1.0 instead of 0.5 causes the ice edge to retreat substantially (not shown). The value of cI)a• is therefore another important parameter in simulations of ice edge processes (since we are dealing with melting conditions, value of cI) F is immaterial).
It is clear from the above sensitivity studies that the position of the ice edge and the oceanic structure in the MIZ are rather sensitive to the various parameters affecting the dynamics and thermodynamics of the coupled system. Even small changes in the relevant parameters can cause the steady state position of the ice edge to advance or retreat substantially. Along with the ubiquitous mesoscale activity near the ice edge, this sensitivity of the coupled system may help explain why MIZs are such dynamically active regions.
CONCLUDING REMARKS
An ice-ocean coupled model has been formulated and a local two-dimensional version applied to simulate the wintertime Bering Sea MIZ. Considering the sensitivity to and the uncertainty in the observational values of the relevant parameters, it is fair to say that the temperature structure underneath the ice, and to some extent the salinities, are reasonably well simulated by the model. The results also indicate that the ice edge position is highly sensitive to parameters affecting the dynamics and thermodynamics of the system. Mixing in both layers under the ice plays an important role in determining the ice edge position. Tidal stirring on the bottom of the shelf appears to be important; double-diffusive transfer across the pycnocline is not.
The thermodynamics of the ice-ocean interaction, especially the formulation of the resistance coefficients for the transfer of heat and salt across a rough ice-sea interface, needs further study. This effort is, however, likely to be hampered by the lack of controlled field and laboratory observations, especially at high values of Schmidt number. Specification of the average momentum roughness scale Zo in a partially ice-covered ocean also requires further study.
For off-ice winds considered in this paper the precise form utilized for ice internal stresses is immaterial because the ice concentrations in the MIZ seldom become high enough to cause significant internal stresses. But in many other cases, such as during on-ice winds, it will be necessary to pay close attention to ice rheology. The use of a non-Newtonian or viscous-plastic rheology or a suitable blending of both needs to be examined for application to MIZs. In view of the demonstrated sensitivity of the ice edge position to various forcing parameters, it is not surprising that the MIZs are such dynamically active regions. They are both interesting and challenging to study and to model.
